INTRODUCTION
Although tobacco ringspot virus is the type member of the nepovirus group (Harrison et al. 197I) , the virus causing grapevine fanleaf disease was the first nepovirus shown to be transmitted in nature by nematodes (Hewitt, Raski & Goheen, I958) . In the early 196os grapevine fanleaf virus (GFV) received considerable attention, and several of its strains from Europe (Cadman, Dias & Harrison, I96O; Barabino, 1963; Dias & Harrison, I963; Martelli & Hewitt, I963; Vuittenez & Kuzala, 1963; Quacquarelli & Martelli, I965) , California, Australia (Taylor & Hewitt, I963) and South Africa (Van Regenmortel, 1965) were partially characterized with respect to their biological, serological and morphological properties. The present cryptogram of GFV (*/* : */*: S/S: S/Ne) indicates, however, that much basic information is still lacking, including data on the composition of the virus particles which, in other nepoviruses, sediment as three components, top (T), middle (M) and bottom (B) and contain two species of functional RNA (for review see Jaspars, 1974; Martelli, I975) .
We have therefore investigated GFV in some detail, in comparison with the serologically related arabis mosaic virus (AMV; Cadman et al. I96O; Hewitt et al. I97O ) and with raspberry ringspot viru,~ (RRV), one of the best known members of the nepovirus group (Harrison, Murant & Mayo, 1972 a, b; Murant et al. I972; Harrison et aL 1974) . The results of these studies are reported ,here. 
METHODS
Virus sources and propagation. The GFV strain used was isolated from a local grapevine showing typical fanleaf symptoms. It was serologically indistinguishable from ordinary isolates of GFV and serologically distantly related to AMV. RRV was a Scottish strain (isolate 4B7), and AMV was a grapevine isolate. All virus isolates were cultured in Chenopodium quinoa Witld. grown in a glasshouse at a temperature of I8 to 24 °C with 2 to 6 h additional illumination (c. 500o lux) per day in autumn and winter. C. quinoa was also used to propagate the viruses for purification and for infectivity assays.
Virus purification. Infected plants were collected 7 to Io days after inoculation and kept at -I4 °C until use. Virus was purified by homogenizing infected tissues directly in 1.5 vol. of a I : I (v/v) mixture of chloroform-butanol with addition of I ~ (w/v) sodium ascorbate, centrifuging at low speed, then subjecting the aqueous phase to two cycles of differential centrifugation 0o min at Ioooo g, then 2 h at 78o00 g; Martelli & Hewitt, I963) . Concentrations are expressed as E26o units.
Separation of virus components.
The components of all three viruses were separated by two cycles of sucrose density gradient centrifugation. The gradients were prepared in 3 × I inch Beckman SW 25.I tubes by layering 7, 7, 7 and 4 ml respectively of Io, 2o, 30 and 40 ~ (w/v) sucrose in 0.02 M-phosphate buffer, pH 7.2, and allowing diffusion overnight in the cold. After centrifugation the components were separately collected using art ISCO 640 density gradient fractionator with u.v. analyser. Fractions containing any one component were pooled and the virus sedimented at 1o30o0 g for 2 h.
Analytical ultracentrifugation. Virus preparations were examined in a Beckman Model E centrifuge with Schlieren optics. Sedimentation coefficients were calculated on unfractionated purified virus preparations (E260 = 20 to 35) in o.02 M-phosphate buffer, pH 7.2, containing o.t M-NaC1. Buoyant densities were determined from Schlieren diagrams using the method described by Chervenka (i969), after centrifugation in CsC1, usually at 440oo rev/min for 2o h at 25 °C. The density of CsCI solutions was calculated from refractive index measurements made with a Bausch and Lomb refractometer (Chervenka, I969) .
Preparation and identification of nucleic acid. Nucleic acid was extracted from purified virus preparations by three methods: (I) single-phase phenol/SDS (Diener & Schneider, I968); (2) freezing virus preparations at -25 °C for 30 min to 24 h in 0-02 M-phosphate buffer, pH 7.2, containing o.I M-NaC1 (Quacquarelli, Piazzolla & Vovlas, I972a, b) ; (3) heating virus preparations in o-o2 M-phosphate buffer, pH 7-2, +o.I M-NaC1, for 9 ° s at the temperature needed to obtain half the increment in ultraviolet absorption caused by heating (Fig. 4)- The temperatures of nucleic acid release were experimentally determined with a Beckman Tm analyser attached to a DB spectrophotometer, with the cell-block electrically heated at a rate of 6"5 °C/rain.
To determine the type of nucleic acid, preparations were incubated for 3o min at 37 °C with o.2 #g/ml DNase-free pancreatic ribonuclease and the products analysed by density gradient centrifugation. Also, whole virus suspensions were incubated for 24 h at 37 °C in the presence of 1.8 ~ formaldehyde, to determine, by recording the u.v.-absorption spectrum, the strandedness of the nucleic acid.
Polyacrylamide gel electrophoresis. For nucleic acid analysis, 2"4 ~ polyacrylamide gels were prepared as described by Bishop, Claybrook & Spiegelman (I967) in Perspex tubes with 7 mm internal diam. and I I'5 cm long. The electrophoresis buffer was o.o2 M-sodium acetate, o'o4 M-tris, pH 7"8, containing io -3 M-EDTA and o.z ~ SDS (Bishop et al. I967) .
Electrophoresis was at 5 °C using an ISCO apparatus, applying 6 mA/tube for at least 4 h. The samples had E260 = 0"3 to I-O. After electrophoresis, the gels were washed for 3o min in distilled water, then analysed with an ISCO 659 scanner coupled to an ISCO UA 5 recorder. The tool. wt. of different species of nucleic acid were estimated by comparing their mobilities with those of RNAs of known mol. wt., extracted from tobacco mosaic virus by heating at 8o °C for 90 s and from cucumber mosaic and sowbane mosaic viruses by SDS treatment (Boatman & Kaper, 1972 ) .
For determining the mol. wt. of protein subunits, preparations of either T component alone or unfractionated virus particles of GFV and AMV at E2G0 = I to 1.5 were used. The preparations, suspended in o-I M-phosphate buffer, pH 7, containing I ~ SDS, I ~ 2-mercaptoethanol and 4 M-urea, were boiled for 2. 5 rain (Agrawal & Tremaine, I972 ) and then layered on 7 ~ polyacrylamide gel prepared according to Weber & Osborn (1969) . Mol. wt. were estimated by comparing the rates of migration with those of the following proteins run in control gels: bovine serum albumin (tool. wt. 68 ooo), ovalbumin (mol. wt. 43ooo), pepsin (tool. wt. 35ooo), tobacco mosaic virus coat protein (mol. wt. 175o0). Electrophoresis was at room temperature, applying I5 mA/tube for about 5 h. The gels were then scanned at 280 nm or stained with amido black and scanned at 660 nm.
Infectivity of nucleic acid. For assaying the infectivity of the fractionated nucleic acid species of GFV and AMV, gel slices containing an extinction peak were frozen and ground in a Potter grinder in the presence of sterile de-ionized water containing o'5 ~ SDS and 5 %o (v/v) of Mg-activated bentonite suspension (final concentration 2 mg/ml bentonite). Six ml of the above mixture were used for each 4 to 5 cm of gel. The suspension thus obtained was shaken for at least 2 h in an ice bath and centrifuged at 32ooog for 20 min. The supernatant fluid was layered on IO to 40 ~ sucrose density gradient columns. To each tube 0"5 ml of Mg-activated bentonite suspension (40 mg/ml) was added prior to centrifugation at 220o0 rev/min in a Beckman SW 25.1 rotor. The gradient tubes were then scanned at 254 nm using an ISCO 64o fractionator. The peaks were collected, checked spectrophotometrically and appropriate dilutions made for inoculation.
RESULTS

Virus purification and fractionation
The purification method adopted in the present study gave reasonably reproducible results, proving satisfactory for the three viruses throughout the year. Virus yields varied from 5 to 15 E2G0 units/Ioo g of infected tissue for GFV and RRV, and from 3o to 4o E260 units/Ioo g for AMV. Unfractionated virus preparations were usually free of normal host constituents detectable serologically or by analytical centrifugation. The u.v.-absorption spectra of these preparations were typical of nucleoproteins having Em~x around 260 nm, Emin around 240 nm and E26o/E2so = 1.6 to 1.8.
In sucrose density gradient centrifugation, GFV preparations separated into three components, top (T), middle (M) and bottom (B) as do AMV, RRV and other nepoviruses (Harrison et al. 197I) . The u.v.-absorption traces for tubes containing GFV, AMV and RRV were strikingly similar to one another, indicating that the corresponding components of each virus sedimented at about the same rate. 
Properties of fractionated GFV components Spectrophotometry
T component of GFV has a u.v.-absorption spectrum ( 
Electron microscopy
Electron microscope observations showed that T component of GFV contained mainly empty virus particles which were penetrated by phosphotungstate, whereas M and B components consisted of apparently intact particles which were not penetrated by the stain. 
Serology
In gel-diffusion plates, T and B or M + B preparations, placed in adjacent wells, reacted with an antiserum to unfractionated GFV to give precipitin lines which joined without forming spurs, thus indicating that GFV components were serologically indistinguishable from one another.
Infectivity
Most of the infectivity of GFV preparations was associated with B component, which was able to cause infection of C. quinoa plants at E26o = o.oooi. Preparations of T particles were non-infective. Some infectivity was usually detected in samples of M particles (Ez60 = o.oI) but this may be caused by contamination with B component, as suggested for RRV (Harrison et al. x972a ) . 
Analytical centrifugation
In the analytical ultracentrifuge, GFV preparations were found to contain three components having sedimentation coefficients (s20.w) of 5oS (T), 86S (M) and i2oS (B). The relative proportion of these components and hence the sedimentation profile varied with the season of year when the virus was propagated. Calculations made from the Schlieren diagrams gave relative ratios of components T:M:B of I:o'5:3"5 and 1:o'5:o'75 for virus purified in summer and winter respectively. Fig. 2(a) is a typical summer piofile. The percentage of nucleic acid in the nucleoprotein components, calculated from the sedimentation coefficients (Reichmann, I965) , was about 27 % for M and 41% for B particles.
In our experiments, AMV had T, M and B components in the relative proportions of I : i :3 (Fig. 2b) , sedimenting at 51 S (T), 9I S (M) and I25S (B); RRV components were in the ratio of I:o'25:v25 (Fig. 2c) 
having sedimentation coefficients of 5oS (T), 9oS (M) and I25S (B).
Equilibrium centrifugation
Fractionated GFV preparations centrifuged at equilibrium in CsC1 yielded bands of precipitated particles corresponding to buoyant densities of 1.31 (T), I'4I (M) and I"49 g/ml (B)- (Fig. 3a) . From these values nucleic acid contents of about 3o % and 41% were calculated for the M and B components, respectively (Seghal et al. I97o) . Treatment of GFV with 2 % or 8 % formaldehyde prior to equilibrium centrifugation did not prevent precipitation.
Equilibrium centrifugation of AMV-B fraction, obtained with a single cycle of density gradient centrifugation, showed that B component of AMV contained two sub-components (Fig. 3 b) with buoyant densities of I-5o (B1) and I'51 g/ml (Bz). M fraction of the same virus had a density of 1-43 g/mI. Preparations of B particles of RRV at 25 °C, as already reported by Murant et al. (I972) , gave a single component of aggregated particles with a buoyant density of 1.5o g/ml (Fig. 3 c) , but we did not make runs at low temperature as is needed to 
Preparation of nucleic acid
Although nucleic acid was easily obtained from the three viruses with Diener & Schneider's (I968) single-phase phenol/SDS system, estimated yields were 40 to 6o ~ of the theoretical maximum. Extraction by freeze-thawing and heating (Fig. 4) consistently gave higher yields (Fig. 5 )-
Freezing and thawing
Freezing and thawing under the conditions described by Quacquarelli et al. (I972a, b) caused much dissociation of GFV and RRV into nucleic acid and protein shells (artificial T component) but did not seem appreciably to affect AMV. In one experiment, unfractionated preparations of the three viruses, obtained by three cycles of differential low-and high-speed centrifugation, and containing virus at I8 (GFV), 37 (AMV) and 23 (RRV) E26 o units/ml, were divided into two portions, one of which was frozen at -25 °C for z 4 h. In the sedimentation diagrams of frozen and thawed preparations of GFV (Fig. 2a, b) and RRV (Fig. 2e,f) B and M components were barely evident and a new component (R) sedimenting at about 3o S was visible. Fraction R had a u.v.-absorption spectrum typical of nucleic acids and E~6o/E28o = 2. By contrast, only a small proportion of B and M particles of AMV dissociated into the nucleic acid (R) and protein (T) moieties (Fig. 2b, e) . Further tests showed that nucleic acid was released fiom pmified GFV and RRV frozen for only 3o rain, as also happened with chicory yellow mottle virus (Quacquarelli et aI. I97za) . 
Heating
Heating purified virus preparations suspended in o.o2 M-phosphate buffer, pH 7.2, containing o-I M-NaC1 at the mid-point of the u.v. absorption increment (Fig. 4) proved to be an efficient method for obtaining native nucleic acid from intact virus. From previous experiments (A. Quacquarelli, P. Piazzolla, A. Avgelis & D. Gallitelli, manuscript in preparation) it was known that exposing unfractionated AMV for 9o s at 6o °C (Td; Bachrach, I968) dissociated virus into nucleic acid and intact protein shells, whereas at 66 °C intact nucleic acid and denatured coat protein were obtained. Nucleic acid could also be readily extracted from GFV and RRV by this method; increment mid-point temperatures were found to be 66 °C for GFV and 83 °C for RRV (Fig. 4) .
Heterogeneity and nature of nucleic acid
AII unfractionated preparations of the three viruses yielded two species of nucleic acid separable by sedimentation in sucrose density gradient columns. With GFV, no nucleic acid was extracted from T and one species was recovered from M component. B component yielded two species of nucleic acid (Fig. 5) when either of the three extraction methods was used. The yield was lower using single-phase phenol/SDS than with the other two methods. RNase treatment degraded GFV nucleic acid to non-infective material of low tool. wt. that remained in a broad zone close to the meniscus of density gradients. Furthermore, incubation of whole virus with I-8 ~ formaldehyde at 37 °C for 24 h increased its E260 value by 25 and shifted Emax from 260 to 268 nm showing that the nucleic acid was not double stranded (Sinsheimer, I959; Mayor, Jordan & Ito, I969) . These results therefore indicate that GFV contains single-stranded RNA.
Polyaerylamide gel electrophoresis of nucleic acid
M component of GFV yielded a single species of RNA (RNA-2) of estimated tool. wt. 1.4 x io 6. B component yielded this species together with another species of estimated mol. wt. z'4 × Io 6 (RNA-~). These values are the same as those previously reported for AMV and RRV (Mayo, Murant & Harrison, I97I ; Murant et al. I972) , and in our tests the RNAs of these two viruses could not be separated from those of GFV when mixtures of the RNAs of GFV + AMV or GFV + RRV were electrophoresed in polyacrylamide gels.
Infectivity of fractionated RNA
When RNAs from B component of GFV (Fig. 6 ) and AMV were fractionated and the infectivity of the two species either singly or mixed was assayed, RNA-2 proved to be noninfective, and RNA-I showed about half the infectivity of mixtures of RNA-I +RNA-2 (Table I) . The results were similar when infectivity was assessed by local lesion count or by time of systemic symptom expression (infectivity index, Raymer & Diener, ~969) . However, after heating at 6o °C in 8 M-urea before electrophoresis (Harrison et al. I972a) RNA-I preparations became much less infective and the relative infectivity of RNA-I +RNA-2 mixtures was about ten times higher (Table I) . From a C. quinoa inoculated with an RNA-I sample close to the infectivity dilution end point, an isolate of GFV was obtained which again produced T, M and B components and contained RNA-~ and RNA-2 
* The final concentration of each RNA in each inoculum was adjusted to o-o5 E~o0/ml.
Protein
Protein preparations from T component or unfractionated GFV in gel electrophoresis gave a single band containing a polypeptide with a mol. wt. ranging, in different runs, from about 54oo0 (most frequent estimate) to about 6oooo. However, GFV and AMV proteins could not be resolved when electrophoresed together, thus indicating that the most probable mol. wt. of the GFV polypeptide is 54ooo, like that of AMV (Mayo et al. I97I ) .
DISCUSSION
Our results show that GFV has all the major properties of nepoviruses. In particular it comes close in many respects, such as number and type of centrifugal components, number, size and packing of RNA species, and size of protein subunits, to the serologically related AMV and to RRV (Mayo et al. 1971 ; Harrison et al. I972a; Murant et al. I972 ) . It is also similar to tobacco ringspot virus (Diener & Schneider, I966 ) which, however, has a slightly larger protein subunit (Mayo et al. I97i ) . From the Svedberg equation (Markham, i967) assuming a diffusion coefficient of I. 5 (Mayo et al. I97I) , and using partial specific volumes of o'55 for RNA and o.74 for protein, the mol. wt. of GFV components is: 3"I × IO 6 (T), 4"5 x ~o 6 (M) and 5.7 × IO 6 (B). These estimates give RNA percentages of 3I ~ and 42 for M and B particles respectively.
When calculations are based on the mol. wt. of RNA and protein constituents of the particles, the mol wt. of different virus components is: 3"3 × I@ (T), 4.7 × Io 6 (M) and 5"7 x io G (B) assuming the protein coat contains 6o structural subunits Iike other nepoviruses (Mayo et al. 197I ) . Should the B fraction of GFV be composed of two buoyant density species, as we think likely, the heaviest particles would have a tool. wt. of about 6.I x IO G, which also is in line with the figures for AMV and RRV (Mayo et al. I97~ ; Murant et al. I972) . The present cryptogram of GFV is therefore: R]I : 2.4]42 + 1.413o: SIS: SINe.
GFV has two species of RNA which, by analogy with other nepoviruses, should together constitute the genome. Indeed, when RNA-I and RNA-z were separated by gel electrophoresis and subsequently mixed, an appreciable enhancement of infectivity was obtained. Preparations of RNA-2 had practically no infectivity, but RNA-I preparations were still highly infective, even when, after gel electrophoresis and density gradient centrifugation, they looked fairly homogeneous and uncontaminated (Fig. 6) . However, as for RRV (Harrison et al. I97za), RNA-I preparations became much less infective when the RNA was heated at 60 °C in 8 M-urea to remove hydrogen bonded aggregates before electrophoresis.
Finally, although the three viruses compared in this study have very similar physicochemical properties, some differences were detected. For instance, particles of GFV and RRV, but not of AMV were degraded by freezing and thawing. The explanation of this difference is uncertain. However, if the particle disruption is related to increased concentration of electrolytes and pH changes taking place during freezing (Quacquarelli et al. I972a) , the differential response of the three viruses perhaps reflects differences in the strength of the protein-RNA linkages and of the binding forces (protein-protein interactions) that keep the protein coat assembled. Whether these differences in stability have any biological implication, remains to be determined.
